Functional Approach to Quantum Decoherence and the Classical Final Limit. 
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For a wide set of quantum systems it is demonstrated that the quantum regime can be considered 
as the transient phase while the final classical statistical regime is a permanent state. A basis where 
exact matrix decoherence appears for these final states is found. The relation with the decoherence 
of histories formalism is studied. A set of final intrinsically consistent histories is found. 



I. INTRODUCTION. 



^ . . . . 

, Following the idea that the interplay of observables and states is the fundamental ingredient of quantum mechanics 

1^ we have developed paper |^ where we have studied the relation of the state vectors p of a close isolated quantum 
, system (that belong to a convex set of states S), to the observables O within this closed system (that belong to a 
• space of observables O). We consider that the essence of this relation is the mean value of an observable O in a state 
Q,^ \ p, which is given by the equation: 

{0), = TripO)^ip\0) (1) 

o ■ 

In fact at the statistical level what we actually measure in an ensemble of identical states, are these kind of averages, 
since we cannot either measure directly the state p or measure it with an infinite precision Moreover, these 
averages can be considered, as in the r. h. s. of eq. (0), the result of a linear functional (p| e S acting on a vector 

1' \0) S O, and therefore we can say that S C O , being O the dual of space O. While for the usual states (mixed 
I ' . 1: or pure) we can use Tr{pO), there are generalized states that can be defined as the functional {p\0) as explained in 
^ papers [^. Many results were obtained using this formalism (see e. g.: ||^, [Q, ||]). 

^ In this paper we will use the formalism of paper to study the so called " classical limit problem" , namely the 

statistical quantum mechanics — > classical mechanics limit that appears in some quantum systems when observed 
using certain spaces of observables O . For conceptual reasons we will divide the problem in two different processes 
(that may or may not happen simultaneously): 

(a) - Statistical process: Namely the limit statistical quantum mechanics — > statistical classical mechanics, where 
the phenomenon of decoherence combined with the disappearance of the uncertainty relations in the limit H —^ 0, 

cd ' originates the classical final stationary state. Almost all the paper will be devoted to this problem . We will see how 
when t 00 the quantum system reaches a classical final stationary state p*{q,p) where the statistical dynamics is 
trivial, since p*{q,p) is time independent, but the systems of the ensemble move according to the non-trivial laws of 
classical dynamics. In general we will have an unlocalized statistical classical state of many identical systems moving 
in phase space. 

(b) - Localization process: It is the evolution statistical classical mechanics — > classical mechanics. In some special 
cases the evolution privileges a single space-time trajectory, in such a way that all trajectories (endowed with a non 



negligible positive probability) concentrate around it^. In this case we will have correlations and localization. Then 



^According to W. Zurek:..."the only sensible subject of consideration aimed at the interpretation of quantum theory... is the 
relation between the universal state vector and the state memory (records) of somewhat special system - such as observers - 
which are, for necessity, perceiving the Universe from within. It is the inability to appreciate the consequences of this rather 
simple but fundamental observation that has led to such desperate measures as the search of an alternative quantum physics 

In some cases this phenomenon does not happen for all the systems but only for a subsystem. 
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we have the statistical classical state of all the systems practically moving along the same trajectory in such a way 
that we may consider that we are dealing with a single classical system. We will discuss this process in section IV 
and appendix B. 

The usual technique to solve these problems is coarse-graining. But in our method we will consider not only the 
coarse- graining average but all possible averages made using the observables of space O, thus we are generalizing the 
coarse-graining idea q In fact, among the observables of O there are some that, from the density matrix p, take 
into account only some component pr, the so called relevant part of p, and completely neglect the complementary 
component pi, the so called irrelevant part of p, i. e. these observables only measure (macroscopic) properties of 
what it is considered as the "system" (contained in pr) and neglect or average the (microscopic) properties of the 
"environment" (contained in pi). But we will consider not only this kind of observables but all observables in O. 
Therefore the interplaying of observables and states will take the role of the coarse-graining in this paper (see also the 
end of section II A). With this strategy we cannot only obtain all the old results, but also we will find some new ones. 

We will use this method to study the process (a) and to prove that certain quantum systems evolve from a statistical 
quantum state to the statistical classical final stationary state. In the same framework we will study the process (b) 
obtaining the classical motion of a single system. 

The paper is organized as follows: 

In section II we will see, using the Riemann-Lebesgue theorem, that transition (a) takes place in close systems 
endowed with a continuous spectrum and with just one bound state (as in the classical mixing systems). More general 
cases will be considered in section II C. The main characteristics of the quantum laws are: 

1. - The non-boolean nature of the way to find the probability of two exclusive events (this probability is the square 
modulus of the sum of their amplitudes and not the sum of the probabilities) . 

2. - The uncertainty relations. 

In the evolution from quantum mechanics to classical mechanics the first characteristic disappears (and the boolean 
way of adding probabilities is established) by the process of decoherence and the uncertainty relations can be neglected 
in the limit h —^ 0. Then we can use the laws of classical statistical mechanics. 

At this stage four remarks are in order: 

i.- Using our language the generalized idea of decoherence can be introduced in the following way: At the quantum 
level the average (H) reads: 

(<^)p'' = H Pu^u^'O^-^ (2) 

Ul.Ul' 

where p^^^^' and Oojoj' are the components in some basis of the operators p and O respectively. Eq. (^) can be 
considered as the average of some quantities Oojuj' weighted by some generalized correlations pi^i^i (since the p^^ are 
probabilities but the pujuj' , with lu ^ uj', are quantum correlations). On the other hand, at the classical level we also 
have some quantities Ouj that correspond to a set {lo} of the exhaustive and exclusive alternatives, each one with a 
(boolean) probability of measure lu for the observable O. The corresponding classical weighted average is: 

where = 1 . The transition from the quantum phase to the classical one is therefore: 

Pujuj'O^'^ ~>^PuO^ (4) 

UJ.Uj' U) 

at least for some O which belong to a preferred sub space of O (i.e. to a subspace expanded by a complete set of 
commuting observables, a CSCO, that we will define below; the eigenbasis of this set will be the so called final pointer 
basis). If in (^) we take p^juj = Puj and Oojuj = Oi^, the matrix pi^i^i must become diagonal in the final pointer basis. 
This is the essence of the transition (a), since the above relation will be valid for all observables of the CSCO and we 
will have: 

(0)(') - (0)(=" (5) 



^At least the "coarse graining alia Zurek". 
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If this transition takes place, boolean logic is established in the statistical classical system, if we perform the measure- 
ment with the observables of the preferred CSCO. In the usual parlance we will then say that the density matrices that 
contain quantum interference terms become diagonal, in such away that these interferences are suppressed. Then the 
quantum way to find probabilities of exclusive and exhaustive alternatives, i. e.: adding the corresponding amplitudes 
and computing the norm, becomes the classical boolean way: just adding the probabilities. 

ii. - In this paper decoherence is essentially studied in systems with continuous spectrum. The case of the discrete 
spectrum, and the causes of decoherence in this case, are discussed in section II C. 

iii. - In the case of the continuous spectrum the essence of the method is the following: If e M+ are the eigenvalues 
of H and we call v — ui — ui' , the p^^' of eq. is a function p{v, ...). Then the time limit of its evolution is given by 
the Riemann-Lebesgue theorem, that prescribes that: 



if p{v, ...) is integrable. So all the diagonal terms {v = 0) and all the off-diagonal terms {v ^ 0) vanish. Therefore 
this theorem cannot be used as a computation method in the case of continuous spectrum. Nevertheless when we 
consider the problem within a cube of size L, we define pi^^' there, and when we make L — > oo, it can be shown 
that a singular structure appears for ...) and the corresponding singular diagonal term remains as it should. The 
method introduced in paper His precisely designed to rigorously deal with these singular structures. It has yielded 
good results in papers ||], QTlQ- 

iv.- Before the classical stationary state limit is reached usually the system goes through a "classical phase" where 
the state can be considered as classical but it is not yet in its final classical stationary state. But our method can 
only be used when t oo. It only allows to find the "statistical classical final limit". So, we essentially study this 
final stationary state but we believe that our method can be generalized to cover the classical phase before the final 
stationary state, so we will discuss these matters in section V. Moreover, we believe that the understanding of the final 
limit will enhance the chances to understand the much more difficult problem of the classical phase, in the clearest 
and concise way. 

In section III we reach to the principal aim of the formalism of transition " a" which is to create a bridge between 
quantum and classical mechanics, precisely between quantum mechanics and classical statistical mechanics at equi- 
librium. We know that the uncertainty relations disappear, when ft — s- 0, (more precisely when the characteristic 
dimension of the system makes H a negligible quantity). Then, let us consider a system where the quantum state is 
defined by a density matrix p, and a set of classical trajectories in phase space labelled by some constants x,li, ^at, 
ai,...,aAr, where x corresponds to the energy, li,...,l[^ to other dynamical momentum variables, and, ai,...,aM to 
configuration variables. The aim of the theory is: 

1. - To transform the matrix p into a classical density function in phase space p{q,p) when /i — > 0. 

2. - To decompose p{q,p) as: 



where q and p are the position and momentum coordinates and the classical densities Px,ii,...,iM,ai,....aN{lTP) would 
correspond to each classical trajectory ^ ( in the classical sense that it is peaked in the trajectory and thus it rapidly 
vanishes when going from the near vicinity of the trajectory to the far zones of the phase space) and Px.ii,...,iN,ai,...,aN 
is the probability of each trajectory. 

We will obtain (when ft ^ 0) these results as follows: 

l.-p{q,p) will be the Wigner function corresponding to the matrix p. 

'^■-Px,ii,...,iN,ai,...,aN{l-iP) "^ill be the Wigner functions of the wave packets going along the classical trajectories 
labelled by the constant of the motion x, h, In, and passing by the initial point of coordinates oi, a^r. 

We will see that all this happens after a convenient decoherence time and we will obtain the last expansion (cf. eq. 

f)) and therefore what we consider the best bridge between classical and quantum statistical concepts (see paper 
for a very similar conclusion). 



*The dimension of the phase space considered is 2{N + 1). Then there are (TV + 1) momenta and (A^ + 1) coordinates. So 
A'^ is the number of parameters necessary to label the momenta of the classical space-time trajectories, and the number 
necessary to label the origins of the trajectories. 




(6) 




(7) 
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We will devote section IV to discuss transition (b), namely the localization process. Eventually in some cases this 
process takes place and correlations appear and we reach to a single classical state if the localization process is efficient 
enough. Then we can use the laws of classical mechanics. This phenomenon happens if the dynamic of the system 
and the initial conditions are such that some canonically conjugated variables correlate (see appendix B). We will see 
how this fact can be incorporated in our formalism. 

We will draw our main conclusions and comments in section V. 

Appendix A is devoted to compare our results with those in the literature. In appendix B we deal with correlations 
and localization. Finally, in appendix C we translate the results into the language of usual decoherence of histories. 



II. DECOHERENCE. 



A. Decoherence in the energy. 



Let us consider an isolated quantum system with + 1 dynamical variables and a Hamiltonian endowed with 
a continuous spectrum and just one bounded state. So the discrete part of the spectrum of H has only one value 
uo and the continuous spectrum is let say < w < oo (how the discrete spectrum behaves in the continuous limit 
can be seen in papers 0, ||^). Eventually we will give the collective name x to both loq and uj. Let us assume that 
it is possible to diagonalize the Hamiltonian H, together with A^ observables Oi {i = 1, ...,N). The operators {H, 
Oi,...,Ojv) form a complete set of commuting observables (CSCO). For simplicity we also assume a discrete spectrum 
for the A^ observables Oi. Therefore we write 

/•oo 

H — u!o''^^\uJo,m){LL)Q,m\ + / uj''^^\LL),m){uj,m\duj (8) 

m ^ m 

where < is the energy of the ground state, and m = {mi, mj^} labels a set of discrete indexes which are the 
eigenvalues of the observables Oi,...,On. {I^^Oi'ti), \Lu,m)} is a basis of simultaneous generalized eigenvectors of the 
CSCO: 

H\uJo,m) = uJo\uJo,m), H\uj,m) = u!\uj,m), 



Oi\ujo,m) = mi\u!o,m), Oi\uj,m) = mi\uj,m). 
The most general observable that we are going to consider in our model reads: 



roo POO 

O = y2 0{u}o)jn,n'\tOQ,m){uJo,m'\ + / dujO{u}),nm'\t^,m){u},m'\+ / dujO{uj,uJo)mrn'\(^,rn){uJo,m'\ 

I r Jo r Jo 



ram 

roo poo 



^ ^ I ^ v^u; jmm' i^ui ^L*^ , .,1- I , ^ ^ 

mm' ^ mm' 



dhj'0[uJo,i^')mm'\^^o,'m){uj\m'\+ y f / dujdhj' 0[uj,Lo')mm'\i^,m){LLi' ,m'\, (9) 



where 0{uj)mm', 0{uj, uJo)mm', O(wo, i^)mm' and 0{u!, uj')mm' are ordinary functions of the real variables uj and w'(these 
functions must have some mathematical properties in order to develop the theory; these properties are listed in paper 
1^). Namely, the most general observables have a singular component (the second term of the r.h.s. of the last 
equation) and a regular part (all the other terms). If the singular term would be missing the Hamiltonian (|^) would 
not belong to the space of the chosen observables 1^. We will say that these observables belong to a space O. This 
space has the basis mm'), \uj,mm'), \LL!UJo,mm'), Iujouj' ,mm'), \ujuj' ,mm')}: 

\uJo,mm') = \ujQ,m)(u!Q,m'\, \uj,mm') = \u!,m){uj,m'\, |wwo,?Tim') = |w, m) (wq, 



lujoLo' ,mm') = \LL!Q,m){uj' ,m'\, \ujuj' ,mm') = \LL!,m){uj' ,m'\. (10) 

The quantum states p are measured by the observables just defined, computing the mean values of these observables 
in the quantum states, i. e. in the usual notation: {0)p = rr(pto) g. These mean values, generalized as in paper [|, 
can be considered as linear functionals p, mapping the vectors O on the real numbers, that we can call {p\0) In 
fact, this is a generalization of the usual mean value definition. Then p G 5 C O , where 5 is a convenient convex set 
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contained in O , the space of linear functionals over O [|o| , ||Tl[] . The basis of O' (that can also be considered as the 
co-basis of O) is {{LUo,mm'\, {LU,mm'\, (wwojWm'l, {luquj' ,mm'\, (lulo' , mm' \} defined as functionals by the equations: 

{ujQ,mm'\uo,nn') = dmnSm'n', {uj,mm'\r],nn') ^ 6iuj - 'i])6rnnSm'n' , {ujuJo,mm'\riLU(i,nn') ^ S{uj - r])SmnSm'n' , 

{ujqui' ,mm'\ujQ'q' ,nn') = 6{lu' - 'i]')6mnSm'n' , {uju;',mm'\r]r]',nn') = 6{u! - 'I])6{lu' - ri')SmnSm'n' ■ (H) 

and all other (.|.) are zero. In particular we have 

{ujo,mm'\0) = 0(cJo)mm' = {u!o,m\0\ujo,m') (12) 

for any O G C But (w, mm'\0) = 0{Lo)mm' is not equal to {uj, m\0\uj, m'), which is not even defined if O is given by 
eq.(||). Therefore (w, mm'| can only be considered as a functional, being a typical generalized state. Then, a generic 
quantum state reads: 

j*oo 1*00 

P = P(^o)w(^o,mm'| + V / da;p(cj)^^,(cj,mm'| + + V / dup{uj,u^)^^^^\ujuJo.rnm\ ^ 
, , Jo f Jo 

mm' mm jnm 

+ V / duj'p{ujo,uj')^^,{uJoUj',mm'\ + Y] / duj duj' p{uj,uj')^^,{ujuj' ,mm'\, (13) 
, Jo , Jo Jo 



where /c(wo)„„ and p(a;),„„ are real and non negative, p(w,wo),„„, = p{u!o,uj)rn'm and p(w,t^')mm' = Pi^'^^)r 
Moreover, p{ujo)mm' and p{ijo)mm' satisfy the total probability condition 



{P\I) = P{^o)mni + 51 / dujp{uj)rnm = 1, 



(14) 



where / = J2m \'^o,rn){(^o,'m\ + dcuj^m |w, m) (w, mj is the identity operator in O. Eq. (|lj) is the extension to 
state functionals of the usual condition Trp^ = 1, used when p is a density operator. 
The time evolution of the quantum state p reads: 

/ /Jo I Jo 

7nm' mm' mm' 

roc rOO /'OO 

+ V / di,'p{ujo,uj'),^^,e'^^°~'^'^\u;oUj',mm'\+Y^ / / da;';^R^we^^"'"'^*('^^'> "^"^'1 (15) 

mm mm 

The mean value of an observable O in a quantum state p reads: 
(O)p(t) - {p{t)\0) = 

= y2 P{^o)mm'0{LUo)mm' + / duJ p{uJ , U;').mm' 0{uj)nim' + 

/ / -'0 

mm' mm' 

poo nOC 

+ V / dwp(a;,a;o)we'^""""^*0(^,^o)m™' + / dco' p{ujo,uj')^^,e'^^"-^'^'0{ouo,uj')mm' 
I Jo f Jo 

mm' mm' 

pOO pOO 

+ dlO dcu'p{LJ,Uj')^^,e'^'^~'^'^'O{0J,iU%nm'. (16) 

Using the Riemann-Lebesgue theorem we obtain the weak limit, for all O G O 

^hm (0)p(,) = (0)p. (17) 

where we have mtroduced the diagonal asymptotic or final stationary state functional 

pOO 

P* p(^o)w(^n,TOm'| + ^ / dwp(cj)„„„,(w,mTO'| (18) 

/ / 

mm mm 

Therefore, in a weak sense we have: 
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W lim p{t) = 



(19) 



Thus, any quantum state weakly goes to a linear combination of the energy diagonal states {LLio,mm'\ and (u;,TOm'| 
(the energy off-diagonal states (uju}o,mm'\, (loouj' , mm' \ and {u!uj',mm'\ are not present in p*). This is the case if we 
observe and measure the system evolution with any possible observable of space O. Then, from the observational (or 
generalized coarse-graining) point of view, we have decoherence of the energy levels when t — )■ oo, even that, from 
the strong limit (fine-graining) point of view the off-diagonal terms never vanish, they just oscillate, since we cannot 
directly use the Riemann-Lcbesgue theorem in the operator equation (p^). 
Some observations are in order: 

i. - The real existence of the two singular parts of O and p is assured by the physic of the problem. The singular part 
of the observables is just a necessary generalization of the singular part of the Hamiltonian, which has a singular part 
\uo) (eq. (^)). The states must also be singular objects since, intuitively, we realize that a continuous by continuous 
matrix will decohere in a matrix with some kind of singularity in the diagonal. The method is precisely designed to 
deal with this object. 

ii. - From eq. ( p^ we can again see that what we are doing is just a generalized version of coarse graining, where a 
projector on the "relevant" part of the system is defined. The "relevant" part of the states (p| is in our case {p\0) 
for all O e O, i.e. the "projection" of p on the class of observables of the form given in eq. (^. An "irrelevant" 
projection would be a {p\0') where O' ^ O. 

B. Decoherence in the other "momentum" dynamical variables. 

Having established the decoherence in the energy levels we must consider the decoherence in the other dynamical 
variables Oi, of the CSCO where we are working. We will call these variables "momentum variables". For the sake 
of simplicity we will consider, as in the previous section, that the spectra of these dynamical variables are discrete. 
As the expression of given in eq. (|8|) involves only the time independent components of p{t), it is impossible that 
a different decoherence process would take place to eliminate the off-diagonal terms in the remaining N dynamical 
variables. Therefore, the only thing to do is to find if there is a basis where the off-diagonal components of p(ti'o)mm' 
and p{uj)mm' vanish at any time before the final state is reached. This basis in fact exists, it is constant in time, and 
it will be called the final pointer basis. 

Let us consider the following change of basis 

\^o,r) ^^U{ujo)mr\(^o,m), \uj,r) ^^U{uj)mr\(^,m), (20) 



where r and m are short notations for r = {ri, ...,rjv} and m = {mi, ...,r7ijv}, and [U{x) — U{x)^^ [x denotes 

either cjo < or e M+). 

The new basis {jwo,?'), 1^,'')} verifies the generalized orthogonality conditions 

(wq, A^O-: '^') — ^rr', {^J->, rluj' , r') — 5{uj — Lu')Srr', {^^Oi ''') = {^i ''I'^Oj = 0. 

It is easy to obtain the components of the states p E S in the new basis 



p{uJo)rr' 


= E 

mm' 




"^]„„P(^o)mm' [C^(wo)],„v' ' 


p{uj)rr' 


mm' 


[Uiu;)- 




p{uJ,Uj')rr> 


mm' 


[Uiu;]- 




p{uJo,Uj')rr' 


= E 

mm' 


[U{too) 


~^]„„P(^0,t^')mm' [f/(w')]mV' 


p{uj,U;o)rr' 


-E 

mm' 


[Uiu:)- 


^]™/3(w,Wo)mm' [UiuJo)]„,,^, , 



As pii^o)„im' ~ p{^o)m'm and p{^)„im' ~ p{^)m'm, it is possiblc to choose U{ijJo) and U{uj) in such a way that the 
off-diagonal parts of p(ct;o)rr' and p[uj)rr' would vanish, i.e. 
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p{uJo)rr' = Prii^o) Srr' , p(w)rr' = Pr{oj) Srr' 



Therefore, there is a final pointer basis for the observables given by {\ujq, rr'), \uj, rr'), \luujq, rr'), Iluqu' , rr'), \luuj' , rr')} 
and defined as in eq. (p^. The corresponding final pointer basis for the states {{loq, rr'\, (oj, rr'\, {ujluo, rr'\, [loquj' , rr'\, 
(ujLo',rr'\} diagonalizes the time independent part of p{t) and therefore it diagonalizes the final state p» 

/•oo 

p^: =W \im p(t) =''^Pr{u!Q){uJo,rr\ +''^ / du!pr{i^)iLLJ,rr\. (21) 
Now we can define the final exact pointer observables 

/•oo 

=^F;(wo)K,r)(c^o,r|+ / dujY,K{^)\^,r){uj,r\. 

Jo 



(22) 



As H and Pi are diagonal in the basis {\u!o, r), jw, r)}, the set {H, Pi, ...Pn} is precisely the complete set of commuting 
observables (CSCO) related to this basis, where p» is diagonal in the corresponding co-basis for states. For simplicity 
we define the operators Pi such that P^{ljo) = Pri^) — ^ii thus 

Pi\uJo,r) ^ ri\ujQ,r), Pi|cj, r) = ri|w, r). (23) 

Therefore {{wq, r), \uj, r)} is the final observers' pointer basis where there is a perfect decoherence in the corresponding 
state co-basis. Moreover the generalized states {uJo,rr\ and {u!,rr\ are constants of the motion, and therefore these 
exact pointer observables have a constant statistical entropy and will be "at the top of the list" of Zurek's "pre- 
dictability sieve" . The final pointer basis is therefore defined by the dynamics of the model and by the quantum 
state considered. 
Therefore: 

i. - Decoherence in the energy is produced by the time evolution when t — s- oo. 

ii. - Decoherence in the other dynamical variables can be seen if we choose an adequate basis, namely the final 
pointer basis. 

Essentially we have given a partial answer, for this kind of models, to the fundamental question of Gell-Mann and 
Hartlc jl2j (precisely only an answer in the case when t ^ oo): For each H and each initial state p there is only one 
final pointer basis and therefore only one "quasi-classical domain or r ealm" . |l| f\ 

Our main result is eq. (pi]): When t —> oo then p{t) — )■ and in this state the dynamical variables H,Pi,...,Pn 
are well defined. Therefore the eventual conjugated variables to these momentum variables (namely: configuration 
variables, if they exist) are completely undefined. 

In fact, calling hi the generator of the displacements along the eventual configuration variable conjugated to Pi, 
we have (Lip^\0) = (p*|lJo) = (/9*|[Pi,0]) = for all O G O as it can be proved by direct computation using eqs. 
(|),(|l|), (|l|), and (ll). Then Up* = 0, and is homo geneous in these configuration variables. 

C. Decoherence characteristic decaying time, the permanent quantum states case, and the role of the 

environment. 

From the preceding section we may have the feeling that the process of decoherence must be found in all the physical 
systems. It is not so and there are two reasons: 

i. - Characteristic decaying times can be computed using analytic continuation technics, as in paper pof . E. g. in 
particular models we can find the characteristic times for the system (e. g. an oscillator) and the field (e. g. the 
environments or bath) as below eq. (56) of the last quoted paper. If the maximal characteristic time is very large, 
even if theoretically the decoherence process will always take place, it will be so slow that the system will behave as 
a quantum one for a very long time. Then there will be no measurable decoherence. 

ii. - It may also happen that more than one of the 7 would be zero. Then, Hamiltonian H, has more than one bound 
state, let us say n (or even part of its spectrum is discrete). Then the first term of the r. h. s. of eq. ( p^ must be 
changed to 



^But of course this unique consistent set depends of the chosen space of observable O (see more in appendix III). 
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ij i i^j 

where i, j = 1, ...n, and as the second term of the r. h. s. does not vanish, decoherence does not take place. This 
is the case of a theoretical atom, not coupled to the electromagnetic field, where the electrons will remain for ever 
in their exited states, and they will never decay. Then the atom never goes to a decohered state. But if the atom is 
coupled to an electromagnetic field (that usually it is called the "environment", as in appendix II) there will be only 



one bound state, the second term of the r. h. s. of eq. (24) will be absent, and decoherence will occur. In fact, in 



many examples the role of the "environment" is just to introduce a continuous spectrum to be coupled in such a way 
that only one bound state remains and the decoherence is complete. In other cases fluctuations (or imperfections) of 
continuous nature take the role of the continuous spectrum and produce the average and make the off diagonal term 
disappear. This is the case of the spin recombination experiment ( |3| page. 180) that takes place in a single crystal 
interferometer. 

iii.- More generally, using only observables from a subset f2 G O we may only involve some components of the 
state functional, e. g. those constructed with the eigenvectors of H that eventually expand the space fi. Then if we 
only consider the observables of Q. it may be that the components of the state related with these observables become 
decohered, because their decoherence times are small, while the other components remain undecohered, because they 
have a larger decoherence time. Then we will have a system which is partially decohered and partially not decohered, 
(which in fact is the case of the universe where there are both classical and quantum phenomena). 

III. THE CLASSICAL STATISTICAL LIMIT. 

A. Expansion in sets of classical motions. 

In this section we will use the Wigner integrals that introduce an isomorphism between quantum observables O 
and states p and their classical analogues {q,p) and p^{q,p) p5|: 



0'^{q,p) = JdX{q-^\0\q+^) exp(!^) 
P'^'^I^P^-^l dX{p\\q + X){q-\\)cM'^)- 



(25) 



It is possible to prove that J dqdp p^ {q,p) — {p\I) = 1, but p^ is not in general non negative. It is also possible 
to deduce that 

(p^|0^) = / dqdpp'^{q,p)0'^{q,p) = {p\0), (26) 



and therefore to the mean value in the classical Liouville space it corresponds the mean value in the quantum Liouville 
space. Moreover, calling L the classical Liouville operator, and L the quantum Liouville- Von Neumann operator, we 
have 

L[p'^{q,p)]^[hpf' {q,p) + 0{h), (27) 
where Lp^{q,p) = i {H^ {q,p), p^ {q,p)} and 

{hp\0)^{p\[H,0]). (28) 
Finally, if O = O1O2, where Oi and O2 are two quantum observables, we have 

0'^{q,p) = 0^{q,p)OY{q,p) + 0{h). (29) 

We will prove that the distribution function p^{q,p), that corresponds to the state functional via the Wigner 
integral is a non negative function of the classical constants of the motion, in our case H'^ {q,p), (q,p),..., {q,p), 
obtained from the corresponding quantum operators H, Pi,..., Pn- 

From eq. (pT| ) we have: 



POO 

p* =W lim p{t) = Y pr{ujo){ujo,rr\ + / dwp,.(a;)(w, 1 

t^oo ^ — ^ ^ — ^ If. 



(30) 
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so we must compute: 

N+l 



pJr.(9,P) = (^) l{u;,rr\\q + X){q~X\)e^^P^dX (31) 
We know from (2) section II C (or we can directly prove from eqs. (Hill)) that 

(c.o,rr|JJ")=c.o", (u;, rr|F") = c.", (c^o, HP") = rf, {io,rr\Pn ^ , (32) 



for i — I, ...,N and n — 0, 1,2, ... Using the relation (29) between quantum and classical products of observables 



and relation ( p6D between quantum and classical mean values, in the limit h ^ (we will consider that we always take 
this limit when we refer to classical equations below) we deduce that the characteristic property of the distribution 
pj^(g,p), that corresponds to the state functional {uj,rr\, is: 

pZiq,p)[H'^{q,p)rdqdp = u;'\ J pZi<l,P)[P^ il.PTdqdp = , (33) 

for any natural number n. Thus p^rilTP) must be the functional ^: 

pZ{q,p) - 5(H'^(q,p) - Lo)5{P^{q,p) - r,)...6{P^ {q,p) ~ tm). (34) 
For the distribution p^gr{q^P)^ that corresponds to the state functional [ujQ^rr]^ we obtain 

pZM^p) = KH'^iq^P) - u:o)S{Pr{q,P) ~ n)...S{P}^{q,p) - r^). (35) 
Therefore, going back to eq. ( ^Q| ) and since the Wigner relation is hnear, we have: 

p'^iq^p) ^^^PrMpZriq^p) + di^Pr{^)pZ-{q-,p)- (36) 

r ^ Jo 

Also we obtain p'^ {q,p) > 0, because pr(^o) f^ud pr{i^) are non negative. 

Therefore, the classical state p'^ {q,p) is a linear combination of the generalized classical states pYr{q,p) (where x is 
either wq or lu), having well defined values x, ri,..., vn of the classical observables H^{q,p), P^ {q,p),..., P^{q,p) and 
the corresponding classical canonically conjugated variables completely undefined since the p}^{q,p) are not functions 
of these variables. So we reach, in the classical case, to the same conclusion than in the quantum case (see end of 
subsection II B). But now all the classical canonically conjugated variables oq, ai, oa? do exist since they can be 
found solving the corresponding Poisson brackets differential equations. 

As the momenta , P^^ , P^ , or any function of these momenta, that we will call generically 11, are also 
constant of the motion, then we have ^11 = —dH/da — 0, where a is the classically conjugated variable to 11. So H 
is just a function of the 11 and: 

d dHCn) 

-a = = w{n) = const. (37) 

so: 

aj{t) =mj{]J)t + aj{0), j = 0, 1, TV. (38) 



Thus (going back to the old coordinates) in the set of classical motions contained in the densities ( |34| ) and ( pSj ) the 
momenta H, Pi, P^, are completely defined and the origin of the corresponding motions, that we will respectively 
call ao(0), ai(0),...and 0^(0), are completely undefined, in such a way that the motions represented in the last equation 

N 



homogeneously fill the surface where , P^ and P]^ , have constant values, which now turns out to be a usual 



We have omitted the 0{h) of eqs. (|2^) and (|2E|). If we reintroduce these 0{h) we will see that eqs. ( |34[ ) and ( pq ) are only 
valid in the limit ft —> 0. If ft is only very small the S are just functions strongly peaked at the zero value of their variables. 
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torus of phase space Q This is the interpretation that we give to the densities (Q) and (^5|) which are just functions 
of the variables , Pj^ , but they are not of the classical conjugated variables ag, ai,..., qn- 

Then, eq. (^) can be considered as the expansion of p^{q,p) in the sets of classical motions contained in pYr{q,p), 
each one with a probability Pr{x) {x — ujq,lu). 

Summing up: 

i. - We have shown that the quantum state fmictional p{t) evolves to a final diagonal state p,. 

ii. - This quantum state has p^{q,p) as its corresponding classical density. 

iii. - This classical density can be decomposed in sets of classical motions where , P^ P^ remain constant. 
The origin of these motions: ao(0), ai(0), ajv(O) are homogeneously distributed. 

iv. - From eqs. (|3^^6|) we obtained that p^ {q,p) = 



fiH'^{q,p),Pr{q,p),...,P^iq,p))>0. 



B. Expansion in terms of classical motions. 



We can now expand the densities given in eqs. ( p4|j36| ) in terms of classical motions. In fact, since 

» AT N 

l[[6ia,iq,p)-a,it))Y[da,iO)^l (39) 

i=0 i=0 

where aj{t) = ■cDj{P^)t + aj(0), we can write eq. (|36| ) as: 

» AT AT 

p7{q,P)^ / Y.Pri^0)pZril^P)IlSMl,P) - a^{t))l[da.,iO) + 

r i=0 4=0 

diopr{L0)pZ{q,p)X{5{aM.P)~a,{t))\{dam- (40) 

We define 

pZM0)il^P^t) = 5{H^{q,p) ~ x)6{P^{q,p) - n)...6{P]^{q,p) - r^)(5(ao(g,p) - ao{t))...S{aN{q,p) - ajv(t)), (41) 

which corresponds to the classical distribution of a motion with momenta x, ri,..., and initial conditions ao(0),..., 
ajv(O), and therefore to a single classical motion. So we can write eq. ( pO| ) as 

P^{q,P) = / E^'-('^o)'^^.^,a(o)(9,P,0n^«'(0)+ / E / dcupr{uj)pZ^^^^,^{q,p,t)l[daM- (42) 



So we have proved eq. (R) as we promised in the introduction 

1(0) 



The densities p]^r alonl^P^^) represent a point in phase space with momenta = x, P^ ~ ri,..., Pj^ — and 



coordinates aj{t) = Wj{P^)t + aj(0), i.e. they represent single classical trajectories. 

Then we have obtained the final classical limit. When i — s- oo the quantum state functional p becomes a diagonal 
state p,. The corresponding classical distribution p^{q,p) can be expanded as a linear combination of density functions 
P^ r a(o)(^'P^^) and P^r a{o)(l'P^^^-' ^Presenting classical trajectories, each one weighted by their corresponding 
probabilities pr^LOo) and Pr{^)- As the limit when i — > oo of our quantum model we have obtained a statistical 
classical mechanical model, and the classical statistical realm is obtained. 

IV. CORRELATIONS AND LOCALIZATION. 

From many examples (e. g. [^6|) we know that eventually correlations and the localization appear when i — > cxd, at 
least in some variables and in some quantum systems. E. g., in appendix B we give an example obtained using our 



''if , ,...,P^ are isolating constants of the motion and the tori are not broken 
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method, where we can see that correlations appear in variables Q and P, when t ^ oo (see eq. (B18)). As this state 
with correlations is a final state let as call it and let us see how it can be incorporated in our formalism. 
As /9» is a final stationary state it can be decomposed as in eq. (pl|). From eq. ( pi] ) we have: 

(ujQ,rr\ujQr' r') = 5rr' , {uj,rr\ojr'r') = Srr', {uJo,rr\ujr'r') = (43) 



Thus from eq. (43) we have: 

{p^\uJorr) ^ PriuJa), {p^\ujrr) ^ pr{uj) (44) 

So, given p*, endowed with correlations and computed by any method (including ours, see appendix B) we can find the 
corresponding initial conditions pr{uio) , pr{u}) that yield, when t ^ oo, to this correlated state^. In general, all final 
decohered stationary states (but not any quantum state) can be decomposed in this way, in particular our correlated 
state. 

We can repeat all these formulae in the classical perspective of section III using the relation (|2^) between quantum 
and classical symbols, computing the initial conditions pr{LOo), pr{oj) using classical formulas: 

(pr(«,P)|P^r(9:-P)) = Pr-(wo), (pf (?, P) IP^^ («, P) ) = (w) (45) 

In this way the correlation and localization phenomena can be incorporated in our formalism. But it is difhcult to use 
coordinates x, r, a to directly obtain the final state since this state looks quite unfamiliar in these coordinates but it 
turns out to be the minimal uncertainty wave packet if we study the problem in the usual coordinates g, p, as we prove 
in the appendix B via an example^. Furthermore the correlation phenomenon only appears if the potential and the 
initial conditions are such that all the trajectories with non negligible probability are concentrated by the dynamics 
eventually yielding a "maximally localized" or "minimal uncertainty" wave packet (as in the example of appendix 
B). It is difficult to see this fact in the abstract unfamiliar frame of the coordinates x,r,a, because the potentials 
are hidden by the diagonalization even if the initial conditions are obviously present (i. e,: in the choice Pr{uJo), 
Pr{uj)). Anyhow the phenomenon is there, since we obtain localization when t oo. In this way we can consider the 
localized wave packet like a single classical system and the limit classical statistical mechanics — s- classical mechanics is 
obtained because the motion of the wave packet satisfies the classical equations (|^ as in all the trajectories. Now the 
processes "a" and "b" are explained and the limit statistical quantum mechanics— i- classical mechanics is completed. 
The classical realm is appeared. 

V. COMMENTS AND CONCLUSIONS. 

Some observation are in order: 

A. Sketch of the classical limit. 

Using the fin al p ointer basis obtained in section IIB, the time dependant Wigner function (namely the diagonalized 
version of eq. (p^) is 

/>00 /"OO 

p^{q,p,t)^J2P^PZM'P)+T. / dcj-^)pZ{q,p) + Yl / «)V1„...(9,P) + 

r r rr' ^ 

rr' "'0 Jo Jo 

= p^iq,p) + Apiq,p,t), (46) 



^The remaining initial conditions: Prr'i^oo), ^^^/(lj), p,,^/ (ci;, cjj'), p^,./(ajo, oj'), p^,./ (lj, ljq) are irrelevant since the corresponding 
terms disappear when t —> ca. 

^In fact, it is not possible to formulate a general theory in q, p coordinates because, in order to make the computations, we 
must know the relation of these coordinates with the energy and other momenta, and this is only defined in specific models. 
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where the coefficients Pr('^o) and pr{uj) are the probabihties of each "classical" final history, and Ap{q,p, t) corresponds 
to "quantum" non-decohered historiej^. It is clear that when t ^ oo (really after a decoherence time 7~^) the terms 
corresponding to these histories vanish according to Riemann-Lebesgue theorem (see paper [^). 
Now we know: 

i. - That when ft — + 0, p^{q,p,t) satisfies the classical Liouville equation, namely the laws of classical mechanics. 

ii. - That p'^iQjp) > 0, but that the second term Ap{q,p,t) is not positive definite, so p^{q,p,t) = p^(9,p) + 
Ap{q,p,t) is not positive definite and therefore cannot be considered as a classical density. Nevertheless Ap vanishes 
when t oo, so that p'^{q,p,t) is "almost" positive definite. Therefore with an adequate "coarse-graining" the 
averaged p^{q,p,t) may be positive definite, for i ^ 7^^, and also would satisfy the classical Liouville equation, in 
its way towards classical equilibrium. This p^{q,p,t) would be a "classical limit" before equilibrium. We will follow 
this line of research elsewhere. For the moment it is clear that the non-final pointer basis has for limit the final pointer 
basis when t ~^ 00. This fact may help us to find both the non final pointer basis and the classical limit. 

B. Local vs. global equilibrium. 

In the last subsection we have considered the case where classicality is reached before classical equilibrium. In 
this subsection we will see this process in a different way. We can decompose the global system in a set of local 
systems. In these subsystems, classical local equilibrium can be reached after a time 7"^ with positive definite local 
equilibrium densities (and, among other things we will be able to define a classical local equilibrium entropy pTf). 
Since the classical local equilibrium densities of each subsystem are positive definite the classical density of the whole 
system will be positive definite. But the whole system is out of equilibrium and its evolution is defined by the classical 
Liouville equation. Now, as the system is already classical, since all its parts are classical, we can study its evolution 
towards equilibrium with a classical relaxation time r, that we are supposing r > 7"^, with the usual classical methods 
(and the global entropy of classical phenomenological thermodynamics will become maximal). 

Of course, if the interaction is such that r < 7"^ this process is not possible and we will directly reach to the final 
equilibrium without a previous stage of local equilibrium. But the case r > 7"^ is the usual one and it takes place if 
the global-long-range interactions are unimportant with respect to the local-short-range interactions. Therefore the 
system can be decomposed into a set of many weakly interacting subsystems that can be considered as quasi-isolated. 
The local interactions transform these quantum subsystems in classical subsystems in equilibrium, and the system 
can be described as a non homogeneous distribution of local subsystem with classical momenta x, Ii,...,In- These 
momenta, and the subsystems density are different in each of them, producing a state of classical non-equilibrium, 
that will reach equilibrium, due to the global- long-range forces at a time r > 7"^ (see [Q). 

C. Final Conclusion. 

Using the interplay of observables and states, that we have considered as functionals over the space of observables, 
we have found an exact final pointer basis and an intrinsically consistent set of final histories. So, given a Hamiltonian 
H and a state p we have found the exact final pointer basis {|x,ri, ...,rjv)} and we have shown that p^ , the Wigner 
function of can be expanded in Wigner functions corresponding to the co-basis (x, ri, rjv|. To obtain this results 
or similar ones almost all the authors use coarse graining methods based in projectors and try to obtain a limit. So 
they essentially use the weak limit of eq. (|l^) , namely: 

lim {p{t)\0) = (p,|0),VO e O 

t — *oo 

But, at least in the classical case, we know that this weak limit exists if and only if the system is mixing JTof . And 
the system is mixing if it has a continuous spectrum ( papers ^ , , 0| ) and the present paper can be considered 
as an extension of the theorem that says that the mixing evolutions have a weak limit towards equilibrium pof but 
now formulated in the quantum case. Thus the only way to deal with the problem (at least in the limit t — > 00) in an 
exact way is to use a method , as ours, specially adapted to deal with the singularities inherent to that continuous 
spectrum. If not we are condemned to only do approximate calculations. 



We do not write these histories in detail since they will disappear in a moment. 
^'^Or, in our language, observed by an observer space smaller than O. 
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Nevertheless approximated methods are important and, in some cases, unavoidable to obtain the non-final pointer 
basis, but they can be better understood if they are compared with exact methods. We wiU continue our research 
foUowing this line. 
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APPENDIX A: COMPARISON WITH THE LITERATURE. 



In this appendix we would like to compare our method with those that can be found in the literature, where the 
models are studied using the variables Q and P. 

Let us first see what is the shape of the diagonal states (wo|, (w| or in Q and P. In order to determinate the 
diagonal states, like p*, in the configuration and momentum basis (and also to find the correlations in these variables) 
we are forced to go to a particular model were the relation among H, (5,and P is defined. We consider a coupled 
system of an oscillator and a bath such that the Hamiltonian reads : 

H = ^nip^ + ^ 1 y ^(^2 ^ ^2)^^ ^ v{co){qq^ +pp^)duj (Al) 

where the first term corresponds to the oscillator (with bound eigenstates \LOi) and ground state |ti^o))j the second term 
to a field: the "bath" (with eigenstates 1^1,(^2, ••■,Wn)), and the third is an interaction term (with ap <-> g symmetry) 
that leaves just one set of possible final states 

P= (Wol / n^'^'^'^«^0'^i''^2,...,'^„'^;,'^^,...,c^;(^0 Wl,W2, ...,Wnt^l,W2, (A2) 

namely, the oscillator in the ground state and the bath in any state (see [0). The (wq,^!, ^^2, w„(jJ^ , 0^2, ■■■,^'n\ are 



generated by the dressed operators that we will define in eq. (B7). 

Then let us try to get an idea of the form of via a heuristic reasoning based on the symmetry of the Hamiltonian 
( [Al| ). If we consider a quantum state p and the position operator Q (that symbolizes either the operator q or any of 
the operators q^) and the momentum operator P (that symbolizes either p or p^) in the usual case we will have: 

[AQf = Tr{Q^p) - [TT{Qp)f = (Q^) _ (Q)2 

[APf = Tr{P^p) - [Tr{Pp)f = (P^) „ (p)2 (A3) 
When p IS a. functional, we can generalize these equation as: 

(AQ)2 = (p|Q2) _ [(^|Q)]2 ^ (Q2^ _ (Q^2 



(AP)2 = {p\P^) [{p\P)Y = {P') {P? (A4) 

and in general (A(3)2 ^ (AP)2. But if p is the diagonal state of eq. ( p^ ) (or the states {loq\, (w|) we will have: 

{p\Q) = (c^oig), {p\Q^) = (^olQ'), {p\P) = {^^\P), {p\P^) = (^o|P') (A5) 

So, as H has a. q — p— symmetry everything is symmetric under the transformation p ^ q (or q 
and therefore (A(5)2 = (AP)2. This would not be the case if p would not be diagonal in the basis where H is diagonal, 
since Q and P are not diagonal in this basis, e. g. p could commute with P but not with Q showing, in this case, a 
clear asymmetry P ^ Q. Thus our diagonal states are states such that AQ = AP. Namely: for the ground state we 



have Ap = Ag, really a well known fact. If now we introduce in ( Al) a small asymmetric interaction X'W (A' <C 1) we 
will have AQ = AP. On the contrary if the interaction is X'W{q, q^)) (A' ^ 1) the Hamiltonian H can be neglected 
and the diagonal states will be position eigenvalues (so our results coincide with those of refs. [Q and see a 
detailed example below). 



13 



APPENDIX B: AN EXAMPLE OF CORRELATIONS AND LOCALIZATION. 



There are systems, e. g. the one of appendix A, with variables Q and P and a bath, where the interaction is such 
that Q and P become correlated. Namely the evolution makes both AQ and AP bounded, and a wave packet appears 
that eventually becomes a minimal uncertainty wave packet, when t — > oo, then maximal localization appears in the 
usual way as pr omis ed in section IV. As an example, let us now find the correlations between Q and P in the model 



of H amiltonian (Al) using our method as explained above and in the paper Let us first write the Hamiltonian 



(Al) using creation and annihilation operators. 

H ^nb^b + J dkLJkalai, + J dkVk{alb + b''ai,), ujk = k, k = \k\ (Bl) 
The coordinate q and the momentum p of the oscillator can be expressed as a function of the b^ and b as: 

' ^ (b^ + b); p^^( ] (6t-6). (B2) 



We can adimensionalize the last equation defining Q and P such that 



Then: 



'Z=(^) Q, p={mhQr^P (B3) 



g=i=(6t+5), P = .-L(6t_5) (B4) 

6=-^(Q + zP), fet^_L(g_jP) (B5) 
In the Heisenberg representation the operator Q evolves as: 



where: 

= «k + TTT \ b + f-H ' = ttk + TTT [b+ — 

V+ik) \ J uJk-uJk'+tOj V J t^fc-Wfe'+«0 

The functions rj-{k) and rj+{k) and all the details of the calculations can be found in paper Q. 
Let us consider the initial conditions 

{Q)t=o = Qo, {P)t=o = Po (B8) 

for the oscillator, and also 

(4)t=o = (ak)t=o = 0, (B9) 
which corresponds to the field being initially in its ground state. Therefore: 

(6)t=o = ^(Qo + iPo): (6^)t=o - ^(Qo - iPo) (BIO) 
and for the time evolution of the mean value of the coordinate and momentum of the oscillator we obtain 
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The oscillating time dependent factors inside the integrals produce the vanishing of both {Q)t and {P)t for very 
long times. We can study the poles of the analytic extension of the factor ^ {k)ri+(k) ^ paper |]lO| and prove that 
the trajectory of {Q)t and {P)t in the phase space of the oscihator is a spiral ending at {Q) = (P) — 0. 

Now we would like to compute Aq and Ap as a function of time. In addition to equations (B8) and ( p39| ) let us 
assume the following initial conditions for the oscillator 

{bb^)t=o^P, {bb)t=o = a, {b^b)t=o^l-p, {b^b^)t=o^a*, (B13) 
being a and f3 some arbitrary constants. If the field is in its ground state, we also have 

(akak/)t=o = '5^(k - k'), {al.au')t=o = {a'la'l,)t=o = (akak')t=o = 0. (B14) 

All other initial mean values of products of pairs of creation or annihilation operators are zero. This means that we 
have taken the oscillator in an arbitrary state and the field in the ground state as initial conditions. 
Therefore we have 



/ /it /it \ VkVk' 
(^k^k'/t=o = 771 777T" 

VkVk 



VkVk' _ ^ VkVk' f dk"V^„ 



ri-{k)ri+{k') r]^{k)ri+{k') J (uk - uJk" - iO)iuJk' - uik" + iO)' 
The time evolution of the mean value of Q{t)^ is given by 



Then, replacing equations (B15) in equation ( B16| ) and always using the Riemann-Lebesgue theorem we have: 

hm (Qitf) = \l rfk y = i, (B17) 

and therefore 

hm [AQ(tf = lim((Q(<)-(g(t))f) = i. 

Making an analogous calculation for P, we have: 

lini AQ = hm AP = ^ (B18) 

so the wave packet around the spiral trajectory evolves to a minimal uncertainty symmetrical wave packet, showing 
the localization process in the usual way. This proves the presence of correlations in our model. Reestablishing the 
units, when t —^ oo, and introducing the velocity v we have: 



1^1 
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This fact shows that the wave packet is more peaked for big a m than for small a m. Then, in some models big mass 
particles can be considered as classical while other remain quantum. Moreover if ?i — > the uncertainties disappear. 
Also the classical limit of the oscillator has a spiral motion in phase space. In fact, if using eq. ( p5| ) we compute the 
Wigner function corresponding to the matrix density, we will find the motion of this classical density that will be 
centered in the spiral trajectory and having, when t — > oo, a symmetrical circle of diameter {^fij^ as support |^. 



APPENDIX C: DECOHERENCE OF HISTORIES. 



From the section VA we can conclude that our notion of history of the system is essentially contained in the state 
p{t). This history ends in the final equilibrium state p*. In this appendix we will study the relation of this notion 
with the usual histories formalism mm and compare the results. The computation will turn out to be very simple for 
two reasons: 

i. - As in all the paper we will work only in the limit t ^ oo, where the existence of an exact final pointer basis will 
make all the computations quite trivial. 

ii. - Also we will only consider one space of observables O and therefore just one set of final consistent histories [ p4[ . 
The case of many sets will be considered elsewhere. 

Nevertheless we think that the results are of some interest since: 

i. - For times t ^ all the exact result obtained in the limit t —^ oo can be considered as good approximations. 

ii. -Thc existence of a space of observables O, where we can use the Riemann-Lebesgue theorem, perhaps can be 
considered as a selection principle to choose the physically relevant consistent set ||2^ . 

So let us begin giving the main definitions. Let us consider a time depending basis of H : {|Q;(t))}, and the projectors: 

P„(<) = Kt))(a(i)| (CI) 
such that they represent exhaustive and exclusive alternatives: 

^ P« = 1, P„P;3 = SapPa (C2) 

a 

We will call (fine-grained) history to a string of time depending projectors |^: 

= PnAtl)-Pc.Atn), h < ... < tn (C3) 

For a state p we will call decoherence matrix to: 

M{l^,l^') = c\^pc^' - p^M-PcAti)pPc',{t[)-Pa'JO (C4) 

We introduce this matrix because we consider it as the natural generalization of the usual density matrix to the case 
where single projectors are changed by histories. 
We will call decoherence functional to: 

D{-(^,-^') = TrM{-^,-^') (C5) 

that would be the generalization of the trace of an ordinary matrix 
We will call candidate probability for the history li to: 

p{-^) = TrAf(-^, c?) (C6) 

that would be the generalization of the usual probability. It is only a "candidate probability" because, at this stage, 
it does not satisfy the axioms of the usual boolean probability theory. 
If 



The cosmological models of papers [g3| are other examples that we will further develop elsewhere. 
^^We can consider a more general case were the exclusive and exhausting set of histories is different at every time ti and 
therefore the projectors are Pa-{ti). But this is not the usual case, 
^''if some of the a are continuous indices, for them we must use the generalization of the trace introduced in paper |2| 
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ReD(-^,-^') = (C7) 

for li^li' we will say that the set of histories is consistent or weakly decoherent, in this case it is proved that the set 
can be in principle submitted to the ordinary boolean logic pTf , and the candidate probability can be considered as 
the probability of each history. 
If 

D{-^,-^') = (C8) 
for c?^??' we will say that the set has medium decoherence. Theorems about records can be proved if the set of 



histories has this type of decoherence |26 
If 



M(c?, c?') = (C9) 



for 'ol^'ol' we will say that the set is intrinsically consistent or that it has matrix decoherence. Of course matrix 
decoherence implies medium decoherence, and medium decoherence implies weak decoherence. 

Let us now compare all these concepts with our formalism. 

We choose: 

\a{ti)) = \x,n,...,rN;ti) (CIO) 

where we have used the shorthand notation introduced above. The set of operators Pa{t) — ^ 
\x,ri, ...,ri\f;t){x,ri, ...,rN;t\ will be our "final pool of operators" if we use the language of paper The evo- 

lution of these operators will be:) 

Pcit) = e-'^(*-*i)p„(ti)e*^(*-*i) = e-"(*-*i)F„(ii)e"(*-*i) = 

Pa(ii) =Pa = |a(0))(a(0)| (Cll) 
i. e.: these operators are constant. Then the projectors are time constant and: 

= (C12) 
and these histories can be labeled with the ordinary a instead of the wit h th e arrow. 



In more detail let us first study our "pool" of projectors to compute eq. (04) in our formalism and when t oo, 



Pa{t) = Pa ^ \x,ri, ...,rN){x,ri, ...,rN\ = \x,ri, ...,rAr) (C13) 

1. -ri, ...,rjv are discrete indices and the final stationary state is diagonal in these indices, so this part of the 
problem is trivial. 

2. -X symbolizes (ujqjLu) where only lo is continuous, so the treatment of luq is also trivial. 
The problem is only to so, for simplicity, let us only consider this index. The projector reads: 

P^^\uj){cu\^\cu) (C14) 

So let us compute: 

Pc.P*Pc.' = \oj){uj\p,\uj'){uj'\ (C15) 
but first we must find the meaning of this symbol. In the discrete case we have: 

\a){b\p\c){d\^\a)Tr{p\c)md\ (C16) 
that can be generalized to the continuous case as: 

\a){b\p\c){d\^\a)ip\\c)md\ (C17) 

Thus: 
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\lu){uj\ 



\uj'){uj'\ = \lo) 



p^"(c<j"|c<j',c^)da;" 



(C18) 



So, from eqs. (|11|) we have: 
1.- liu^uj' it is P^p^Puj' 



2.- If w 



it is: 



Pu,'^S{lu" — uj)dLu" 



{Uj\ = 



So with a symbohc obvious notation (that we will use from now on) we can say that: 

PloP*Plo' = \t^)PLo5uouo'{uj'\ 



(C19) 



(C20) 



If now we repeat the reasoning including all the trivial discrete indices we will obtain the same result since 
diagonal in these indices. Then, when t ^ oo we have that 



(C21) 



and therefore we have final matrix decoherence in a time long enough. Then we have found the final "statistical 
classical domain or realm" of Gell-Mann and Hartle. In this way final classical behavior emerges from quantum 
behavior and transition 2a" appears in the histories formalism. Essentially we have used the weak limit of eq. ( pj| ) 
and the fact that it is the only possible limit we can use, since p is a functional over the space O. But the choice of eq. 
( plO| ) has an extra bonus: it decomposes the density matrix just in the way that was announced in the introduction. 

From the matrix decoherence we have medium decoherence and weak decoherence, so we have proved that any 
quantum system, fulfilling the conditions required in section II, has a set of final intrinsically consistent histories, 
the essential conditions being the continuous spectrum and the existence of just one ground state. Classically these 
histories will be the p'^^{q,p) of eq.(46). This exact final decoherence has being obtained using the basis {|a;r)}, other 
near bases obviously yield final approximate decoherence. Also basis {|a;r)} will give approximate decoherence in a 
time long enough. 

But we must observe that in all cases where Pa(t) — Pa = const, (even if eq. (CIO) is not satisfy) we can 
immediately prove medium decoherence with no reference to matrix decoherence. In fact, if = 1/5) = const, we 
have: 



D0,t) = D{(3,(3') = Tr(|/3)(/3|p|/3')(/5'|) = (/3|/3')(/3|p|/3'> - 



(C22) 



These would be the case with the Pa of this sect ion and also for any constant Pp. This result seems very trivial 
but it is not. The essential property of projector (C13) is that it is time constant, but our formalism contains other 
time-constant projectors. If we go back to section IIA we find: 



Ppit) ^ Pf3 ^ \x,mi, ...,mN){x,mi, ...,mN\ = \x,mi, ...,mN) 



(C23) 

namely the projectors related with the basis {x,m} before the diagonalization ( ^0[) that yields the basis {x,r}. The 
Pf3 are also time constants and yield medium decoherence (only the Pa yield matrix decoherence). The main fact is 
that in order to reach the classical statistical mechanics of section III we must use the basis {x, r} that diagonalize 
p* in all indices (see eqs. (^0|) to (|36|)). Thus, since our demonstration is based in the matrix decoherence in the 
basis {x,r}, these objects are essential for us. Only after this demonstration we can speak of classical constants of 
the motion and classical trajectories because only then we can pass from the quantum formulae to the classical ones. 
Then the last result can be translated as follows: 

1. - There is final matrix decoherence between any pair of different sets of constants (x, r) i. e. between any pair of 
sets of classical trajectories in the phase space. This set of sets of trajectories is intrinsically consistent (see eq. (pi])). 

2. - But, of course, any set of functions of the "r", such as the "m", will define equally well the set of classical 
trajectories. But the "m" do not provide a basis with good defined probabilities, as the "r" does, since in the basis 
"m" the p, is not diagonal (see eq. (|l^)). In this case the set of histories is consistent but not intrinsically consistent. 

So our point of view is that, even if all sets endowed of medium decoherence can be considered as consistent sets, 
there is only one with physical importance, the one with matrix decoherence, the only one which is an "intrinsically 
consistent set" . This idea may help to find the selection principle searched in papers . 

Finally, if the potential and the initial conditions are such to privilege a history (as in appendix B) the locations 
process "b" will take place and we will have a unique classical object with a unique history Pa- Then we would find 
the final "classical domain or realm" of Gell-Mann and Hartle. 

We will end this section showing how several requirements necessary for a efficient histories decoherence are satisfied 
by our formalism: 
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1. GrifHths-Omnes condition 

The GrifRths-Omnes condition for consistency j2^, |^ is automatically satisfied since: 

Rerr[|a)(a|p(l - |a)(a|)|a)(a|] = 



(C24) 



2. Permanence of the past. 

If we take our projectors from the pool of the projectors the condition of permanence of the past is 

trivially satisfied , since a chain with a certain number of |a)(Q;| can only be continued repeating this projector. This 
is the most important property required in papers |p5| . 



3. Insensitivity. 

While quantum states are modified by the measurement processes, classical states are not sensible to these measure- 
ments. This property of classical states is called insensitivity 0]. The projector P^. =\ai){ai\ can be considered as a 
measurement operator, so if pbefore is the state before the measurement and Pafter is the state after the measurement, 
we will have: 

Pafter = Pa.PbeforePat = ^ | Pfce/ore (Oj | = PaiPbeforePai (C25) 

i i i 

where pi is the probability to measure a,; . Now if, after the decoherence process, pbefore is a diagonal matrix, precisely 
i.e. 

Pbefore = '^p^\a^){ai\ (C26) 
i 

and we only measure the observers in the CSCO {H,Pi, ...P„}, so the Pa^ are just the Pa = we have: 

Pafter = ^ | (q,; | |/3j ) | ) (tt, | = ^K|a,)(a,;| = Pbefore (C27) 

i j i 

So, in fact, the matrix is insensitive to the measurement of the CSCO {H, Pi, ...Pn} ( and also the CSCO 
{H,Oi, ...,0n} where the operators O are related with the constants m). This is the maximum insensitivity we 
can get. 



4. Strong decoherence and records. 

If for any history 1^ there is a projector Ra such that {Ra} is not necessarily a complete set of projectors in 7i, in 
the sense that {Ra\tp)} is not necessarily a basis of H, and for any state p it is: 

C-^p = RaP, RaRf3 = SapPa (C28) 

we will say the we have strong decoherence ( [E9[, eq. (2.4)). As the Ra are timeless entities and as C-^ — s- Ra, Ra 
can be considered as the record of the history W. But Ra can also be considered as the record of not one but several 
decohered histories, associated by unitary transformations So really Ra is the record of an equivalent class of 
histories. 

It is clear that if these records exist we have medium decoherence. In fact: 

Q^, Q^') = Tr{C\^pC^.) = Tr{RapRa') = Tr{pRa'Ra) - Saa'P{^) (C29) 

so strong decoherence implies medium decoherence. 
In our case these final Ra exist and they are: 
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= \a){a\ = \xr){xr\ = P„ (C30) 
Thus the numbers x,ri, ...jrjv can be considered as the record of the corresponding final history. 
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